Proposed and existing power-control systems for directsequence CDMA cellular networks measure instantaneous power, whereas theoretical analyses almost always assume long-term-average or local-mean power control. In this paper, the distinction between the two types of power control is clarified. The outage probability for direct-sequence CDMA systems using instantaneous power control is derived. The results of the analysis of local-mean power control are shown to be similar to those provided by a far more elaborate theoretical analysis.
II. INTERCELL INTERFERENCE
The following performance analysis of the reverse link begins with the derivation of the intercell interference factor, which is the ratio of the intercell interference power to the intracell interference power. The intercell interference arrives from mobiles associated with different base stations than the one receiving a desired signal. The intracell interference arrives from mobiles that are associated with the same base station receiving a desired signal. It is assumed that the received signal power from a mobile may be expressed as the product p r = p a 10 ξ/10 α 2 (1) where p a is the area-mean power, the shadowing factor ξ is a zero-mean Gaussian random variable that varies with the location of the mobile, and the factor α is the attenuation due to the fading. The area-mean power is approximately given by
where p 0 is the average received power when the distance to the mobile is r = R 0 , and β is the attenuation power law.
To account for the fading and instantaneous power control in a mathematically tractable way, p r /p a is approximated [6] by a lognormal random variable. Thus, at a particular time it is assumed that the equivalent shadowing factor η implicitly defined by 10 η/10 = 10 ξ/10 α 2 (3) has a probability density function that is approximately Gaussian. Let E[x] denote the expected value of x. Equation (3), the statistical independence of ξ and α, and the fact that E[ξ] = 0 imply that
where b = (ln 10)/10. The Nakagami-m probability density function for α is
, u(r) =1 if r ≥ 0 and u(r) = 0 if r < 0, and the gamma function is defined by
To evaluate (4) and (5) when α has the Nakagami-m density, we express the expectations as integrals, change the integration variables, and apply the identities [7] x v-1 e -µx ln
where Re(u) > 0, Re(ν) > 0, ψ(ν) is the psi function given by
when ν is a positive integer, and ζ [2,ν ] is the Riemann zeta function defined by
variance of ξ, we find that
The impact of the fading declines with increasing m. For Rayleigh fading, m = 1 and ζ(2, 1) = 1. Consider a cellular network in which each base station is located at the center of a hexagonal area, as illustrated in Figure 1 . To analyze reverse-link interference, it is assumed that the desired signal arrives at its associated base station 0, while the other base stations are labeled 1, 2, ..., N B . Cells may be divided into sectors by using several directional sector antennas or arrays at the base stations. Only mobiles in the directions covered by a sector antenna can cause multiple-access interference on the reverse link from a mobile to its associated sector antenna. Thus, the number of interfering signals on the reverse link is reduced approximately by a factor equal to the number of sectors. The directions covered by one of three sectors associated with base station 0 are indicated in the figure. Each mobile in the network transmits omnidirectionally and is associated with the base station from which it receives the largest average short-term or instantaneous power. This base station establishes the reverse-link power control of the mobile.
If a mobile is associated with a base station, then its location is assumed to be uniformly distributed within a circle of radius R b , surrounding the base station. Let I te denote the total intercell interference relative to the unit desired-signal power. Let K denote the number of active mobiles associated with a base station or sector antenna, which may be a random variable because of voice-activity detection or the movement of mobiles among the cells. [1] using (1) without the attenuation α due to fading. Because of (3), his results are applicable to instantaneous power control if σ s is replaced with σ η . Table 1 lists g versus σ η when N B = 60 cells in four concentric tiers surrounding a central cell, R b is five times the distance from a base station to the corner of its surrounding hexagonal cell, and β = 4. The dependence of g on the specific fading model is exerted through (13), which relates σ η to m and σ s . Since σ η 2 = σ s 2 + 31.0 for Rayleigh fading and Table 1 indicates that g increases slowly with σ η , the effect of the fading is unimportant or negligible if σ s ≥ 6 dB, which is usually satisfied in practical networks. If it is assumed, as is tacitly done by many authors, that the power control is based on a long-term-average power estimate that averages out the fading, then Table 1 is valid with σ η = σ s .
III. CONDITIONAL OUTAGE PROBABILITY
For a direct-sequence CDMA system, let T s denote the duration of a symbol and T c the duration of each chip of the spreading sequence. The processing gain is G = T s /T c . It is assumed that the total power I t of the multiple-access interference is approximately uniformly distributed over the signal bandwidth, which is approximately equal to 1/T c , For instantaneous power control, the instantaneous signal-to-interference-plus-noise ratio (SINR) is defined to be E s /(N 0 + I t T c ), the ratio of the received energy per symbol E s to the equivalent power spectral density of the interference plus noise. An outage is said to occur if the instantaneous SINR is less than a specified threshold Z, which may be adjusted to account for any diversity or rake combining. In this section, the interference is assumed to arise from K -1 other active mobiles in a single cell or sector. Let E i = I i T s , i = 1, 2, ..., K -1, denote the received energy in a symbol due to interference signal i. These definitions imply that an outage occurs if
Let E s0 denote the common desired energy per symbol for all the signals associated with the base station of a single cell or sector. When instantaneous power control is used, E s = E s0 ε 0 and E i = E s0 ε i , i = 1, 2, ..., K -1, where ε 0 and ε i are random variables that account for imperfections in the power control. Substitution into (14) yields the outage condition
where γ 0 = E s0 /N 0 is the energy-to-noise density ratio of the desired signal when the power control is perfect, and we define
By analogy with the lognormal spatial variation of the local-mean power, each of the ε i is modeled as an independent lognormal random variable. Therefore,
where each of the {ξ i } is a zero-mean Gaussian random variable with common variance σ e 2 . The moments of ε i can be derived by direct integration or from the momentgenerating function of ξ i . We obtain
If K is a constant, then the mean X and the variance σ x 2 of X in (16) are
The random variable X is the sum of K -1 lognormally distributed random variables. Since the distribution of X cannot be compactly expressed in closed form when K > 3, two approximate methods are adopted. The first method is based on the central limit theorem, and the second method is based on the assumption that σ e is small.
Since X is the sum of K -1 independent, identically distributed random variables, the central limit theorem implies that the probability distribution function of X is approximately Gaussian when K is sufficiently large. Consequently, given the values of K and ε 0 , the conditional probability of outage may be calculated from (15). Using (17) and integrating over the Gaussian density function of ξ 0 , we then obtain the conditional probability of outage given the value of K >> 1:
where
As σ e → 0 and hence σ x → 0 , P out (K) approaches a step function.
In the second approximate method, it is assumed that σ e is sufficiently small and K is sufficiently large that σ x << X . From (19), it is observed that a sufficient condition for this assumption is that
The assumption implies that X is well approximated by the constant X given by (19). Since the only remaining random variable in (15) is ε 0 = exp(bξ 0 ), it follows that
IV. VARIATIONS IN THE NUMBER OF ACTIVE MOBILES
In the derivations of (20) and (23), the number of mobiles actively transmitting, K, is held constant. However, it is appropriate to model K as a random variable because of the movement of mobiles into and out of each sector and the changing of the cell or sector antenna with which a mobile communicates. Furthermore, a potentially active mobile may not be transmitting; for voice communications with voice-activity detection, energy transmission typically is necessary only roughly 40% of the time. As is shown below, a discrete random variable K with a Poisson distribution incorporates both of these effects.
To simplify the analysis, it is assumed that the average number of mobiles associated with each cell or sector antenna is the same and that the location of a mobile is uniformly distributed throughout a region. Let q denote the probability that a potentially transmitting mobile is actively transmitting. Then the probability that an active mobile is associated with a particular cell or sector antenna is µ q/N r , where N r is the number of mobiles in the region and µ is the average number of mobiles per sector. If the N r mobiles are independently located in the region, then the probability of K = k active mobiles being associated with a sector antenna is given by the binomial distribution
where λ = µ q is assumed to be a constant. This equation can be expressed as
As N r →∞ the initial fraction
which is the Poisson distribution function.
Since the desired mobile is assumed to be present, it is necessary to calculate the conditional probability that K = k given that K ≥ 1. From the definition of a conditional probability and (26), it follows that this probability is
and P c (0) = 0. Using this equation, the probability of outage is
where P out (k) is given by (20) or (23). The intercell interference from mobiles associated with other base stations introduces an additional average power equal to gµq(E s0 /T s ) into a given base station, where g is the intercell interference factor. Accordingly, the impact of the intercell interference is modeled as equivalent to an average of gµ additional mobiles in a sector [2] . When intercell interference is taken into account, the equations of section III for a single cell or sector are modified. The parameter µ is replaced by µ (1 + g), and λ becomes the equivalent number of mobiles λ = µq(1+g) . Figure 2 illustrates the probability of no outage, 1 -P out , as a function of λ for various values of σ e , Both approximate models, which give (20) and (23), are used in (28) to calculate the curves. Equations (20) and (23) indicate that the outage probability depends on the ratios G/Z and γ 0 /G rather than on G, Z, and γ 0 separately. The parameter values for Figure 2 are G/Z = 40 and γ 0 /G = 0.5, which could correspond to Z = 7 dB, G = 23 dB, and γ 0 = 20 dB. The closeness of the results for the two models indicates that when σ e ≤ 2 dB both models give accurate outage probabilities, and the effect of power-control errors in the interference signals is unimportant. As an example of the application of the figure, suppose that the attenuation power law is β = 4, σ η = 8 dB, σ e = 1.0 dB, and 1-P out = 0.95 is desired. Table 1 gives g = 0.63. The figure indicates that λ = 23 is needed. If q = 0.4 due to voice-activity detection, the average number of mobiles per sector that can be accommodated is µ = 35.3. For data communications, the network capacity is lower. For example, if q = 1, then the average number of mobiles per sector that can be accommodated is 14.1.
V. LOCAL-MEAN POWER CONTROL
When the instantaneous signal power cannot be accurately tracked because of the fast multipath fading, one might consider measuring the local-mean power, which is a longterm-average power obtained by averaging out the fading component. This measurement enables the system to implement local-mean power control. Let E sl denote the local-mean energy per symbol, which is defined as the average energy per symbol after averaging over the fading. Similarly, let I tl denote the total local-mean interference power in the receiver, and let E il denote the localmean received energy per symbol due to interference signal i. The local-mean SINR is defined to be E sl /(N 0 + I tl T c ). For this analysis, a local-mean outage is said to occur if the local-mean SINR is less than a specified threshold Z l , which may be adjusted to account for the fading statistics and any diversity or rake combining. When the local-mean power control is imperfect, E sl = E s0 ε 0 and E il = E s0 ε i , i = 1, 2, ..., K -1, where ε 0 and ε i are lognormally-distributed random variables with the common variance σ le 2 . A derivation similar to that leading to (23) indicates that if (22) is satisfied, then
and P out is calculated by using (28) and (29). The intercell interference factor g can be determined by setting σ η = σ s since the fading statistics do not affect the local-mean SINR. For adequate network performance in practical applications, Z l must be set much higher than the threshold Z in (23) because the local-mean SINR changes much more slowly than the instantaneous SINR.
The following example is used to compare the results of evaluating (28), (29), and (30) with the results obtained by Corazza et al. [3] , who used a far more elaborate analysis. Consider a cellular network with three sectors, Z l = 7 dB, σ s = 6 dB, and q = 3/8 due to the voice activity. Table  1 gives g = 0.558. A spectral band of bandwidth W = 1.25 MHz is occupied by the direct-sequence CDMA signals. The symbol rate is 1/T s = 8 kb/s so that the processing gain is G = 156.5. The local-mean signal-to-noise ratio before the despreading is -1 dB and γ 0 = 20.94 dB after the despreading. Figure 3 shows the local-mean outage probability versus the average number of mobiles per cell, The proximity of these points to the curves indicates that the simple equations (28), (29), and (30) closely approximate the local-mean outage probability.
VI. CONCLUSIONS
The distinction between instantaneous and local-mean power control for direct-sequence CDMA cellular networks has been clarified. The outage probabilities for both types of power control have been derived. Since accurate power measurements require a certain amount of time, whether a power-control scheme is instantaneous, localmean, or something intermediate depends on the fading rate. To reduce the fading rate so that the power control is instantaneous and accurate, one might minimize the carrier frequency or limit the size of cells if these options are available.
